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Abstract: The objective of this study was to determine the soil organic carbon stock (T-SOC stock) in
different mountain soils in the Babia Góra National Park (BNP). Environmental factors, such as the
topography, parent material, and vegetation, were examined for their effect on carbon stock. Fifty-nine
study plots in different BNP locations with diverse vegetation were selected for the study. In each
study plot, organic carbon stock was calculated, and its relationships with different site factors were
determined. The results reveal that the SOC stocks in the mountain soils of the BNP are characterized
by high variability (from 50.10 to 905.20 t ha−1). The general linear model (GLM) analysis indicates
that the soil type is an important factor of soil organic carbon stock. Topographical factors influence
soil conditions and vegetation, which results in a diversity in carbon accumulation in different
mountain soils in the BNP. The highest carbon stock was recorded in histosols (>550 t C ha−1),
which are located in the lower part of the BNP in the valleys and flat mountain areas.
Keywords: concentration; mountain soils; SOC; topography
1. Introduction
Forest ecosystems contain the highest organic carbon stock among terrestrial ecosystems [1,2].
Forest systems cover more than 4.1 × 109 hectares of the Earth’s land area [3]. In these ecosystems,
organic carbon accumulates in the biomass of trees, shrubs, and herbaceous plants, as well as in the
soil horizons that form the soil profile. It is estimated that the carbon contained in soil constitutes 75%
of the total organic carbon stock stored in terrestrial ecosystems, and it is twice the amount of carbon
stock in the atmosphere [3,4]. Soil carbon (C) stock is influenced by several environmental factors,
such as the topography, slope, exposure, elevation, climate, parent material, and vegetation [5–8].
Site properties (altitude, exposition, slope) influence the soil conditions and soil properties. Above
all, vegetation affects soil parameters because it supplies organic matter that varies in quantity and
quality [9].
Mountain areas are characterized by climatic and topographic factors that are highly variable,
and this variation results in the diversification of vegetation and, as a consequence, differences in
soil properties among locations. Depending on the definition, mountain areas cover roughly 22–27%
of the Earth’s total land area [10]. According to [11], mountain soils are highly dynamic systems
that are sensitive to environmental changes. Soil fertility and productivity depend on soil organic
matter (SOM), which is a reservoir of nutrients and plays an important role in cycling nutrients and
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improving the physical, chemical, and biological properties of soils [12,13]. The amount and quality
of soil organic matter depend on forest land management. The amount of SOM in forest soils is
determined by the balance between soil organic matter input by on the one hand, and the release of C
during decomposition on the other hand [14]. Changing the land use from natural forest to plantations
affects the C stored in the soil [15]. According to [16], ecosystem C stock in plant and soil pools was
284 Mg C ha−1 in natural forests and decreased by 28% in plantations. In the study in [17], the land-use
system and altitude were shown to be important factors in the regulation of SOM decomposition by
altering the natural soil characteristics. Unmanaged or old-growth forests are important for carbon
sequestration [18].
The mechanisms responsible for carbon stabilization in soil have received much interest recently
because they are crucial for understanding the global carbon cycle. Knowledge about the factors that
shape the accumulation of organic carbon in the soil is important for understanding the carbon cycle
in mountain forest ecosystems. The primary objective of this study was to quantify the soil organic
carbon stock (T-SOCstock) in sites with different conditions in the Babia Góra National Park (BNP).
We predicted that topographical factors influence the soil conditions and vegetation, leading to a
diversity of carbon accumulation in the mountain soils of the BNP.
2. Materials and Methods
2.1. Study Area
The study was carried out in the Babia Góra National Park (BNP) (49◦34′ N and 19◦31′ E) in
southern Poland (Figure 1). The BNP occupies an area of 3391.55 ha, and its altitude ranges from
approx. 700 m a.s.l. to the summit of Babia Góra at 1725 m a.s.l. The climate is cool and humid: at the
timberline level of Babia Góra Mt., the mean annual temperature is about 2 ◦C, and the annual sum
of precipitation is slightly over 1400 mm [19]. The growing season in the lowest portion of the Babia
Góra National Park (700 m a.s.l.) is 202 days, and it is shorter in the higher climatic and vegetation
zones (140 days at 1100 m a.s.l. and 105 days at the highest point).
Figure 1. The study area, Babia Góra National Park in Poland.
The Babia Góra massif comprises Upper Cretaceous–Paleogene flysch sediments, with Magura
sandstone in the uppermost part. The latter is represented by thick layers of sandstone with thin
intercalations of mudstone and shale. Quaternary sediments also constitute part of the study area [20].
A considerable majority of the Babia Góra National Park is predominated by hyperdystric cambisols
(36.8%) and, to a lesser extent, epidystric cambisols (13.6%), albic cambisols (13.5%), podzols, and other
soil types [21]. Characteristic zonation of mountainous vegetation can be distinguished in the area of
the Babia Góra National Park, starting from the highest portions: the alpine zone (1650–1725 m a.s.l.),
mountain pine zone (1350–1650 m a.s.l.), upper subalpine zone (1100–1350 m a.s.l.), and lower
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subalpine zone (700–1100 m a.s.l.). The BNP is primarily overgrown with beech, spruce, and fir
forests. The Dentario glandulosae-Fagetum, Luzulo nemorosae-Fagetum, Abieti-Piceetum association has a
considerable share of the park. The Alnetum incanae association can be found in the vicinity of creeks;
within troughs and submersion areas, the Caltho laetae-Alnetum association is also present [8].
2.2. Soil Sampling
The study was conducted using 59 research plots located in the Babia Góra National Park.
Soil samples for laboratory analyses were collected from each research plot. Soil samples were taken
from the soil horizons that were distinguished from the profiles during fieldwork. Samples for
laboratory testing were collected from the organic horizon (Oh, Ofh, Ot, OM), the first mineral horizon
(AE, A, AB, or AG), and the subsequent mineral horizon (horizons B, G, and C). Soil samples were
taken from horizons according to the depth at which they occurred. On average, soil samples were
taken to a depth of 100 cm. Organic horizons had an average depth of 20 cm, a minimum depth of
2 cm, and a maximum depth of 92 cm. The humus forms were determined according to Classification
of Forest Soils in Poland (2000). Four subsamples were collected from each plot and thoroughly mixed
to obtain a composite soil sample, and the samples from each horizon were put into plastic containers.
Research plots were grouped on the basis of species composition, soil type, and altitude. The studied
plots were divided into four groups according to the species composition of the stand (Alder: the share
of alder (Alnus incana) in the stand is more than 80%; Beech: the share of beech (Fagus sylvatica) in
the stand is more than 80%; Spruce: the share of spruce (Picea abies) in the stand is more than 80%;
Mixed: stands that contain beech and spruce). Seven soil groups were defined: dystric cambisols
(CD), eutric cambisols (CE), fluvisols (FL), gleysols (GL), histosols (HI), podzols (PO), and stagnosols
(ST). Additionally, the research plots were grouped according to parent material (I: terrace sediment
accumulation; II: fluvial sediments; III: hieroglyphic sandstone; IV: Magura sandstone; V: osielecki
sandstone; VI: peat sediments). Three groups of altitude were defined: <900 m a.s.l, 900–1100 m a.s.l.,
and >1100 m a.s.l.
2.3. Laboratory Analysis
Soil samples obtained in the field were dried and sieved through a 2.0 mm mesh. The particle-size
distribution was determined using laser diffraction (Analysette 22, Fritsch, Idar-Oberstein, Germany).
The pH of the samples was analyzed in H2O and KCl using a potentiometric method. The carbon (C)
and nitrogen (N) contents were measured with an elemental analyzer (LECO CNS TrueMac Analyzer
(Leco, St. Joseph, MI, USA)) and the Ca, Mg, K, and Na contents were determined by inductively
coupled plasma optical emission spectrometry (ICP-OES) (iCAP 6500 DUO, Thermo Fisher Scientific,
Cambridge, U.K.). The sum of base cations (BC) was calculated. Samples with intact structures
were collected in metal cylinders and used to determine the bulk density by the drying-weighing
method [22]. The stone content in the soil horizon was visually estimated in the field. The share of
stones in particular genetic horizons was determined as a percentage. The bulk density and the share
of stones were used to calculate the soil organic carbon stock. Calculation of Soil Organic C Stocks
Soil organic C depth interval (SOCstock) and for the whole soil profile (to 100 cm) were calculated
according to [23]. Equivalent approaches at different scales were used by [24] Equation (1):






where SOC is soil organic C density (Mg ha−1), SOC is soil organic C percentage (g 100−1 g−1), BD is
bulk density (g cm−3), D is the thickness of the studied layer (cm) and σ is the soil coarse fraction so
that (1 – σ) is the fine earth fraction (unitless). The fraction of gravel larger than <2 mm in the soil is
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the proportion in volume of coarse fragments. Therefore, Equation (2), n is the number of soil layers,
calculates the total soil organic carbon, i.e., the total SOCstock (Mg ha−1), in the whole soil profile.
2.4. Geography Information System and Index
The following inputs were used to obtain the index necessary for the elaboration of the
maps. Environmental covariates were derived from the Digital Elevation Model (DEM) of SRTM
(NASA SRTM, spatial resolution of 90 m) and calculated using ArcGis programs. These covariates
were analytical hillshade (shadow model according to the relief and light source), slope, aspect,
and curvature (model of surface curvature for concave and convex surfaces).
The Topographic Position Index (TPI) is a metric that compares the elevation of each cell in
the DEM with the mean elevation of the neighborhood around the specified cell. The local mean
elevation is subtracted from the elevation value at the center of the local window. The algorithm is
provided as an ESRI-script by Jenness Enterprises (Arizona, USA, 1987), and its local window options
are rectangular, circular, and annulus [25]. Positive TPI values represent locations that are higher than
the average of the local window, e.g., ridges, and high positive values represent peaks and ridges.
Negative TPI values represent locations that are lower, e.g., valleys. TPI values near zero are either
flat areas (where the slope is near zero) or areas with a constant slope (where the slope of the point is
significantly greater than zero). TPI is calculated by Equation (3):




where Z0 is the elevation of the model point under evaluation, Zn is the elevation of the grid within
the local window, and n is the total number of the surrounding points employed in the evaluation.
2.5. Statistical Analysis
The obtained data did not show normality, so a non-parametric test was used for the analysis of
the variables. The Kruskal–Wallis test was used. A general linear model (GLM) was used to investigate
the effect of soil type, altitude, and type of forest stand on the total soil organic carbon stock and it
averages the horizons for comparison. Principal component analysis (PCA) was used to evaluate
the relationships between T-SOCstock and the position characteristics, soil, and forest stand type.
In accordance with Ward’s method, the study plots were agglomerated into groups with different
altitudes, slopes, T-SOCstock values, and types of forest stands. The average and standard deviation
(SD) are presented in tables and figures. Differences with p < 0.05 were considered statistically
significant. All analyses were performed using Statistica 12 software (StatSoft, Inc. (2012). STATISTICA
(data analysis software system), version 10. www.statsoft.com.).
3. Results
3.1. Basic Properties of the Studied Soils
The studied soils were characterized by diverse properties. The texture of the investigated soils
was dominated by sand (average content of 44%) and silt (average content of 41%). The clay content
ranged from 1% to 77%, and the pHH2O of soils ranged from 3.1 to 8.1 (Table 1). The variability in soil
organic carbon and nitrogen content was high, with ranges of 4.0–422.0 g kg−1 and 1.0–29.0 g kg−1,
respectively (Table 1). The studied soils were characterized by a high variation in the base cation content
(Table 1), and the results obtained for the bulk density show diversity in all the profiles (0.1–1.4 g cm−3).
Because the percentage of stones is a very influential factor in the estimation of carbon accumulation,
it was necessary to determine differences in the stone content in different soil horizons. The results
obtained show that the first horizon had an average stone content of 12%, which is significantly
lower than the stone content in the other horizons. The percentage of stones increased to over 80% in
the lowest horizons (Figure 2). The horizons (H) had the following averages; H1 = 11.39 ± 7.48 cm;
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H2 = 21.80 ± 17.90 cm; H3 = 38.69 ± 17.4 cm; H4 = 26.37 ± 11.63; H5 = 20.50 ± 12.67 cm; and finally
H6 = 20.00 ± 0 cm.
Table 1. The basic properties of the studied soils (n = 59).
Variable Mean SD Minimum Maximum
sand 44 16.7 11 82
silt 41 11.5 12 65
clay 15 8.9 1 77
pH H2O 5 0.9 3.1 8.1
pH KCl 3.98 0.81 2.5 7
SOC 99.0 118.0 4.0 422.0
N 5.0 6.0 1.0 29.0
C/N 17.1 5 7.6 38.9
Na 1.3 2.1 0.2 18.8
Ca 136.5 261.3 0.5 1771.6
Mg 13.9 20.6 0.2 130.6
K 12 11.2 1.1 58.6
BD 1.1 0.4 0.1 1.4
Bulk density (BD) is expressed in g cm−3; Na, Ca, Mg, and K contents are expressed in mg 100 g; Sand, silt,
and clay content are expressed as %; soil organic carbon (SOC) and nitrogen (N) content are expressed in
g kg−1. Standard deviation (SD)
Figure 2. Stratification of stoniness content (%) in the soil profile layers (n = 59). Different letters indicate
a significant difference (p < 0.05) between sections of the soil profile according to the Kruskal–Wallis test.
3.2. Soil Organic Carbon and Stock in the Studied Soils
As expected, there was clear stratification of organic carbon content (g kg−1) with respect
to the horizons (Figure 3). Analyses of the first horizon show an average carbon content of
178.2 ± 125.5 g kg−1, which differs from that in the other horizons. There was a decrease in organic
carbon content in the second and third horizons, which had values of 59.1 ± 89.1 g kg−1 and
26.3 ± 73.1 g kg−1, respectively. A significantly higher SOC content (g kg−1) was noted in the surface
horizon (Figure 3).
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Figure 3. Stratification of soil organic carbon (SOC) content (g kg−1) in soil profiles (n = 59). Different
letters indicate a significant difference (p < 0.05) between sections of the soil profile according to the
Kruskal–Wallis test.
Significant differences in total organic carbon stock in the soils of different forest stands were
found (Figure 4). The highest total organic carbon stock was in the soils of alder and spruce forests
(282.07 ± 237.62 t ha−1 and 171 ± 163.74 t ha−1). The transition to lower T-SOCstock was in soils
of mixed forest (112.84 ± 45.75 t ha−1), and the lowest T-SOCstock was in soils of beech forest
(97.26 ± 20.06 t ha−1) (Figure 4).
Figure 4. Total organic carbon stock in the soils of different forest stands (t ha−1) (Alder n = 8; Spruce
n = 31; Mixed n = 6; Beech n = 14). Different letters indicate a significant difference (p < 0.05) between
the types of forest stands according to the Kruskal–Wallis test.
The studied soils were divided into seven groups. Significantly higher T-SOCstock was found in
histosols (556.23 ± 238.69 t ha−1) compared with the other soil types. Significantly lower T-SOCstock
was in fluvisols and eutric cambisols (73.81 ± 20.65 and 99.92 ± 30.08 t ha−1, respectively) (Figure 5).
Among different types of parent material, peat sediments (VI) had significantly higher T-SOCstock
(546.3 ± 255.04 t ha−1). The average T-SOCstock in the soils formed on the remaining parent material
was 78% lower (115.65 ± 42.32 t ha−1) (Figure 6).
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Figure 5. Total organic carbon stock (t ha−1) in different soil types (CD: dystric cambisols, n = 21; CE:
eutric cambisols, n = 16; FL: fluvisols, n = 3; GL: gleysols, n = 4; HI: histosols, n = 6; PO: podzols, n = 6;
ST: stagnosols, n = 3). Different letters indicate a significant difference (p < 0.05) between soil types
according to the Kruskal–Wallis test.
Figure 6. Total organic carbon stock (t ha−1) in soils created on different parent materials (I: terrace
sediment accumulation, n = 3; II: fluvial sediments, n = 15; III: hieroglyphic sandstone, n = 5; IV: Magura
sandstone, n = 24; V: osielecki sandstone, n = 6; VI: peat sediments, n = 6). Different letters indicate a
significant difference (p < 0.05) between parent material according to the Kruskal–Wallis test.
The total organic carbon stock in soils was not significantly different between the three altitude
groups (>1100, 900–1100, and <900 m) (Figure 7). Figure 8 maps the values of the total organic
carbon stock (t ha−1) in soils with the Topography Position Index (TPI). The highest T-SOCstock
(50.10–905.20 t ha−1) was in the valley and on flat mountain areas. Low and intermediate slopes were
characterized by a lower T-SOCstock (Figure 8).
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Figure 7. Total organic carbon stock (t ha−1) at different elevations (>1100 m, n = 5; 900–1100 m,
n = 15; <900 m, n = 39). Different letters indicate a significant difference (p < 0.05) between soil types
according to the Kruskal–Wallis test.
Figure 8. Map of total organic carbon stock (t ha−1) in soil and the Topography Position Index (TPI).
The interaction effects of soil type, altitude, and type of forest stand on the total soil organic
carbon stock were confirmed by the general linear model (GLM) analysis (Table 2), which indicates
that soil type was a more important factor than the other characteristics (Table 2). A pronounced
increase in the T-SOC stock was found in histosols at a lower altitude under deciduous forest stands.
A projection of the variables on the factor plane clearly demonstrates a correlation between total soil
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organic carbon stock and soil type, altitude, and type of forest stand (Figure 9). Two main factors
had a significant total impact (41.63%) on the variance of the variables. Factor 1 explains 22.77% of
the variance of the examined properties, whereas Factor 2 accounts for 18.86% of the variance. PCA
analysis confirms the relationship between T-SOCstock and histosols and the dominance of the alder
forest. Cluster analysis was used to classify cases (study plots) into groups called clusters. The results
are illustrated with a dendrogram, which enables the identification of two main groups that differ in
altitude, slope, T-SOCstock, and type of forest stand. The strongly moistened soils (histosols, fluvisols,
gleysols, stagnosols) clearly differ from other soils. The latter group is clearly divided into study plots
with podzols and poorer subtypes of cambisols and study plots with richer subtypes of cambisols
(Figure 10).





Soil type 9.96 <0.001
Type of forest stand 0.26 0.614
Altitude*Soil type 6.88 <0.001
Altitude*Type of forest stand 0.78 0.513
Soil type*Type of forest stand 0.29 0.593
Soil type*Type of forest stand*Altitude 6.67 <0.001
General Linear Model (GLM), Significant effects (p < 0.05) are in bold.
Figure 9. Diagram of PCA with the projection of variables on a plane of the first and second factor for
total soil organic carbon stock (T-SOCstock). CD: dystric cambisols; CE: eutric cambisols; FL: fuvisols;
GL: gleysols; HI: histosols; PO: podzols; ST: stagnosols.
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Figure 10. Dendrogram with group identified in the cluster analysis. The altitude, slope, Total SOCstock
and type of forest stands were used for diagram preparation (plots number plus symbol of different
soil types, CD—dystric cambisols, CE—eutric cambisols, FL—fuvisols, GL—gleysols, HI—histosols,
PO—podzols, ST—stagnosols).
4. Discussion
Considering that the study area is 1754.5 ha, the carbon contribution to the environment is very
important. It was estimated that this area provides 50.10–905.20 t ha−1 of soil organic carbon to a 1 m
depth. In a study on British forest soils [2], the authors noted high values of carbon stock (589 t ha−1)
in the top 80 cm, and 664 t C ha−1 in the top 1 m of soil, but their results were very dependent on
climatic factors and soil type. In [26], the carbon stock in the forest soils of Europe was estimated
to range between 1.3 and 70.8 t C ha−1 for the O-layer and between 11.3 and 126.3 t C ha−1 for the
mineral soil to 0–20 cm. In [27], forest soil carbon stock of 79 Gt C was reported for all European
soils, including peat. In [28], total stocks were estimated to be 3.50–3.94 Gt C on the forest floors and
21.4–22.7 Gt C in the mineral and peat soils to a depth of 1 m in European forests. The topsoil SOC
values for agricultural soils across Europe were determined to range between 40 and 250 t C ha−1 [29].
The highest SOC values were found in Ireland, the UK, the Netherlands, and Finland, all of which had
values of >250 t C ha−1 and correspond to peatland areas. The carbon stock in the mountain soils of
BNP was comparable to the carbon stock for forest soils in other parts of Europe, and it is much higher
than the average carbon stock in agricultural soils. Several papers confirm that the greatest organic
carbon content is above a depth of 30 cm in different conditions [30–32].
The obtained results confirm the influence of topography on the accumulation of carbon in
the soils of the BNP. The highest carbon stock was recorded in histosols, which are located in the
lower positions of the BNP in valleys and on flat mountain areas. A high T-SOCstock was found in
spruce stands created on podzols and located at higher altitudes. The temperature decreases with
the altitude, which results in a slower rate of organic matter decomposition [33]. At the same time,
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low temperatures reduce the productivity of ecosystems [34]. In [35], the authors found that SOC stock
showed a decreasing trend at higher elevations, which is where the forest vegetation types transform
into alpine shrublands. Altitude importantly but indirectly influences the SOC stock by affecting
properties such as lower soil depths, different distributions of forest species, different soil types,
and increased percentages of stone content [7,11,36,37]. In our study, the results of the PCA analysis
confirm the importance of the slope in shaping the SOC stock. A lower slope position promotes
vegetation growth, which results in higher SOC accumulation. In [38], it was suggested that, at the
hill scale, the variability of soil organic carbon stock might be explained by the slope rather than the
elevation. [39] observed a strong relationship between the slope and the quantity and quality of SOC
accumulation in hillslope systems. Specifically, moderate slopes (15%) combined with a concave profile
and plan curvature led to greater SOC accumulation.
An important edaphic factor that determines the accumulation of SOC in soils is the parent
material [28,38]. In our research, high SOC stock was associated with sediments accumulated on
terraces, which occur in low-lying valleys and flat mountain areas and are characterized by strong
waterlogging. The results of the cluster analysis identify high SOC stock in highly waterlogged
soils. In [34,40], the authors confirmed the relationship between SOC and soil water content, and soil
moisture explained >50% of the total variation in SOC stock. The favorable humidity conditions
have a positive impact on the productivity of forest ecosystems. Meanwhile, anaerobic conditions
that reduce the activity of microorganisms prevail in heavily moistened soils, resulting in a slower
rate of organic matter decomposition. In [41,42], the importance of soil moisture and acidity for soil
organic matter accumulation was confirmed: 89% of the variance in the C content was explained
by the hydrolytic acidity and moisture of the soils. In this study, the results show that histosols
have the capacity to accumulate more carbon than other soil types. Histosols form when organic
matter decomposes more slowly than it accumulates because of a decrease in microbial decay rates.
This occurs most frequently in extremely wet areas or underwater. In [42], the authors stated that
wetland and peatland soils are among the largest organic carbon stocks, and they contribute to
carbon emission or accumulation. Most histosols form in environments such as wetlands in which
restricted drainage inhibits the decomposition process. The conclusion in [43] asserted that histosols in
northeastern Poland are rich in organic carbon content (162.2–459.5 g kg−1). Similar values were found
by [44], who examined the histosols of forest ecosystems. The organic carbon content in histosols in
northeastern Poland was determined to contribute 40% in the first 10 cm [45]. In our study, the soil
with the highest supply of carbon was accompanied by alder. Alder species have a greater capacity to
incorporate nitrogen (N) into the soil, facilitating the development of nearby vegetation and providing
more organic carbon to the soil through the roots [46]. Considerable carbon stock was recorded in
soils under spruce stands. High SOC stock under these stands is the result of altitude, as well as the
characteristics of this species. Spruce forests have more acidifying effects on the soil than deciduous
or mixed forests [14,41], and acidifying species such as spruce decrease the rate of organic matter
decomposition. In our research, the lowest SOC accumulation was recorded in the soils of mixed
and beech stands. This is the result of these stands being located at a lower altitude, where thermal
conditions favor the decomposition process.
5. Conclusions
The present study reveals that the SOC stocks in the mountain soils of the BNP are characterized
by high variability (from 50.10 to 905.20 t ha−1). The SOC stock in the mountain areas of BNP
is affected by interactions between the soil type, altitude, and type of forest stands. The highest
carbon stock was found in histosols with alder, which are located at lower altitudes in the valleys
and flat mountain areas of the BNP. Higher positions were characterized by a slower rate of organic
matter decomposition. A high carbon stock was noted in soil with spruce located at higher altitudes.
We ranked the investigated soil types according to their capacity to carbon accumulation: histosols
> gleysols > podzols > stagnosols > cambisols > fluvisols. In order to maximize the potential of
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carbon accumulation in the ecosystem, we emphasize the need to protect histosols, especially from
dehydration, and to ensure the proper selection of tree species for breeding programs.
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